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Introduction: Mycoplasma pneumoniae is an important cause of respiratory tract infections 
in children and adults, ranging from mild upper respiratory infections to life threatening 
conditions. In children, fluoroquinolones and tetracyclines are not routinely used as first-line 
therapy, leaving macrolide as the only drug for the first choice. M. pneumoniae resistant to 
macrolides has been reported world-wide with high prevalence rate of resistance in Asia 
including Korea, China, and Japan. This study aims to investigate comparative genomics of 
M. pneumoniae strains prevailed in South Korea during two epidemics through high-
throughput sequencing technologies and consecutive analysis along with inspection for 
genetic differences among M. pneumoniae strains other than the well-known transition in the 
23S rRNA in association with macrolide resistance. 
Methods: A total number of 30 M. pneumoniae strains were selected for whole-genome 
sequence analysis from two epidemics, 2010-12 and 2014-16. ST3 (n=20, 66.7%) was most 
common followed by ST14 (n=5, 16.7%), ST1 (n=2, 6.7%), ST17 (n=2, 6.7%) and ST33 
(n=1, 3.3%). Sixteen macrolide resistance stains were included; 15 ST3s and one ST14. 
Extracted genomic DNAs from the cultured M. pneumoniae strains were processed and 
analyzed for the 23S rRNA mutation, multilocus sequence typing, and P1 type. Next 
generation sequencing (NGS) of all M. pneumoniae strains was performed using the Illumina 
MiSeq desktop sequencer. NGS reads were assembled de novo using SPAdes. Contigs were 
mapped to the M129 reference genome using BLAST-like alignment tool (BLAT) and 
visualized using Integrative Genomics Viewer (IGV). The corrected and completed circular 
genomes were annotated. Comparative genomic analysis was performed using BLAST Ring 
Image Generator (BRIG), MAUVE, MAFFT, CLC Phylogeny Module, SnpEff, and 
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Pathosystems Resource Integration Center (PATRIC). For further analysis of macrolide 
resistance of ST3 strains, coding sequence (CDS) analysis was done by Rapid Annotation 
using Subsystem Technology (RAST) and the SEED. 
Results: The 30 genomes had about 40 % of GC and ranging from 815,686 to 818,669 base 
pairs, code for a total of 809 to 828 genes. Overall, BRIG revealed 99 % to > 99 % similarity 
among strains. The genomic similarity dropped to about 95 % in the P1 type 2 strains which 
corresponds to the region of p1 gene. MAUVE detected four subtype-specific insertions of 
which were all hypothetical proteins except for one tRNA insertion in all P1 type 1 strains. 
SNP and indel analysis by SnpEff clearly discriminated P1 types but not macrolide resistance. 
Proteins and functional analysis by PATRIC also discriminated P1 types along with a gene 
translated differently according to the presence of macrolide resistance. The phylogenetic tree 
constructed with 78 genomes including 48 genomes outside Korea formed three clusters 
where Korean strains were placed in two clusters by P1 types. In the analysis of the ST3 
strains, macrolide susceptible genomes rooted from a separate branch in the phylogenetic tree, 
excluding one strain which was placed among the macrolide resistant strains. CDS analysis 
and comparison revealed differences in two genes according to the presence of macrolide 
resistance within ST3 strains. These two genes (MPN089 and MPN285) were both annotated 
as ‘Type I restriction-modification system, specificity subunit S (HsdS)’. Macrolide-resistant 
ST14 strain also demonstrated genetic differences in the gene annotated as HsdS, even though 
the locus was distinct (MPN289). 
Conclusions: The comparative genomics of 30 M. pneumoniae strains by Whole Genome 
Sequencing (WGS) reveals structural diversity and phylogenetic association between and 
within the global strains, even though the similarity across the strains were very high. The 
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study supposes linkage between genes related with HsdS and the presence of macrolide 
resistance. 
--------------------------------------------------------------------------- 
Keywords: Mycoplasma pneumoniae, macrolide resistance, whole genome analysis, next 
generation sequencing 
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Microbiology of Mycoplasma pneumoniae 
M. pneumoniae is one of the smallest living organisms capable of replicating itself (1). M. 
pneumoniae is characterized by the absence of a peptidoglycan cell wall and resulting 
resistance to many antibacterial agents (2). P1 adhesin (P1), a 170-kd surface protein located 
at the tip like structure of virulent M. pneumoniae, mediates its cytadherence to the surface of 
respiratory epithelial cells (3). Adherence to the respiratory epithelial cells is thought to occur 
via the attachment organelle, followed by evasion of host immune system by intracellular 
localization and adjustment of the cell membrane composition to mimic the host cell 
membrane. 
 
Epidemiology of M. pneumoniae 
M. pneumoniae is an important cause of respiratory tract infections in children and adults, 
ranging from mild upper respiratory infections to life threatening conditions (2). M. 
pneumoniae infections are more common among children 5 years of age or older than among 
younger children (4). Epidemics of M. pneumoniae pneumonia typically occur every 4–7 
years (5). During the epidemics, M. pneumoniae can be responsible for 20-40% of 
community-acquired bacterial pneumonia (6). 
 
Clinical characteristics of M. pneumoniae infection 
Respiratory tract disease is the mainstay of M. pneumoniae infections. Mild upper 
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respiratory infections are common with considerable portion of asymptomatic patients, but 3 
to 10 percent develop pneumonia with quite large spectrum of radiologic findings (7-9). 
Extrapulmonary abnormalities are an important part of M. pneumoniae diseases both in 
diagnosis and treatment. The wide spectrum of manifestation includes symptoms not limited 
to skin rash, hemolysis, joint involvement, and neurologic abnormalities (2). It is still of 
question whether the pathogenesis of each specific clinical manifestation is caused by 
immune mechanisms or by the direct action of the organisms (10). As extrapulmonary 
symptom can be a sign of refractoriness to treatment, it is clinically significant perhaps in 
terms of management (8). 
 
Antibiotic Treatment of M. pneumoniae infections and macrolide resistance 
Most M. pneumoniae infections are mild and self-limiting, without the need for specific 
treatment. But it is recommended that school-age children and adolescents evaluated for 
community-acquired pneumonia who have findings compatible with atypical pathogens be 
treated with a macrolide antibiotic (11). 
The majority of cell wall active antibiotics such as β-lactams and glycopeptides are not 
recommended for the management of M. pneumoniae infection (12). Antibiotics targeting the 
bacterial rRNA in ribosomal complexes are treatment of choices which include macrolides, 
tetracyclines, ketolides, and fluoroquinolone. In children, fluoroquinolones and tetracyclines 
are not routinely used as the first-line therapy, leaving macrolide as the only drug for the first 
choice (11). 
  Macrolides have been commonly used in children even though they are capable only of 
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inhibiting bacteria (bacteriostatic) and are not able to cause bacterial cell death (13). 
Macrolide resistance among M. pneumoniae has been reported world-wide with high 
prevalence of resistance in Asia including Korea, China, and Japan since the first report in 
Japan, 2001 (5, 14-17). Transition mutations of A2063G or A2064G in domain V on the 23S 
rRNA gene is known to be the responsible factor for the macrolide resistance (18).  
Tetracyclines and fluoroquinolones are considered as alternative treatments for 
macrolide-resistant strains of M. pneumoniae (11, 19). Nevertheless, due to possible adverse 
events, assessment of risk and benefit is always warranted in individual situations. Macrolide 
is still regarded as the first-line therapy of M. pneumoniae infections and the increasing 
macrolide resistance draw attention to the practitioners. 
On the contrary to the concern for the increasing macrolide resistance, not much is known 
of the background of this phenomenon. High antimicrobial consumption or clonal expansion 
of certain genetic type are candidates for the explanation (15, 20). 
 
Genomic studies of M. pneumoniae 
As P1 adhesin protein plays the critical step in the infection process, studies regarding the 
genetics of M. pneumoniae focused mainly on P1 types and subtypes (21, 22). The P1 typing 
had been the only available tool for genotype that could be applied in the past. Although the 
P1 typing can separate M. pneumoniae into two types and further additional six variants, it 
did not always convey information regarding epidemiologic characteristics or clinical severity. 
Because of the immunologic pressure, it is likely that shift of specific P1 type with other P1 
types or subtypes in the following epidemics occurred (23). However, studies on P1 typing 
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often showed that persistence of a specific P1 type or a cocirculation of P1 types appeared to 
be common (6). 
Diaz et al. examined 199 M. pneumoniae samples from 17 investigations of cases, small 
clusters, and outbreaks that were supported by the Centers for Disease Control and 
Prevention (Atlanta, GA, USA) to determine the association of P1 subtypes with macrolide 
resistance (24). The distribution of P1 did not differ between macrolide-resistant and -
susceptible M. pneumoniae strains, suggesting that there is no association of an individual 
strain type with the resistant genotype. 
New genetic analysis techniques such as multilocus variable-number tandem-repeat 
analysis (MLVA) and multilocus sequence typing (MLST) were applied to M. pneumoniae. 
MLVA uses naturally occurring variations in the number of tandem repeated DNA sequences 
found in many different loci of the genome. MLST characterizes the isolates of microbial 
species using DNA sequences from internal fragments of multiple housekeeping genes. 
Since the development of MLVA in 2009, a few reports utilized this method (25). 
Superiority of MLVA typing over P1 typing has been documented repeatedly (26, 27). The 
association of certain MLVA types with macrolide resistance was also observed (28, 29). 
Using MLST analysis for genotyping of M. pneumoniae are relatively scarce because the 
analysis is recently available (30, 31). Nevertheless, studies targeted on the association of 
certain MLST type with macrolide resistance found that certain ST was responsible for the 
resistance (32, 33). Overall, of the 2 molecular typing methods, the discriminatory power of 




Whole genome analysis 
   Despite the evolution of molecular microbiology and the advanced classifications beyond 
the P1 typing, research for understanding entire genome structures on M. pneumoniae in 
regard to molecular epidemiology or the macrolide resistance has remained much behind 
those on other bacteria such as Streptococcus pneumoniae, Escherichia coli, and etc. 
Outbreaks of M. pneumoniae pneumonia occur every 3–7 years, varying from region to 
region with underlying low-grade endemic activity (35, 36). But it is unclear why such 
regular epidemics take place. Studies based on P1 typing failed to show that the P1 type 
switching is responsible for occurrence or disappearance of the specific epidemic. Even with 
recent findings that suggest the genetic association of macrolide resistance with certain clones 
by using MLVA and MLST tools, data from whole genome analysis can definitely provide 
insights on the genetic background of M. pneumoniae. 
Recent advances in molecular microbiology and bioinformatics have made possible 
analyzing M. pneumoniae through high-throughput sequencing technologies such as Illumina 
dye sequencing, pyrosequencing, and Single-molecule Real-time (SMRT) sequencing (37). 
The whole genome of M. pneumoniae is ≈820 kb and has up to 700 coding operons (1). The 
comparably short size of the whole genome and limited operons arouse challenge toward the 
background of macrolide resistance or the underlying factor for the regular epidemics. Even 
more, recent findings of certain STs or MLVA types associated with macrolide resistance 
gives clues that the certain genetic factors do play part in the macrolide resistance and 





This study aims to investigate comparative genomics of M. pneumoniae strains prevailed 
in South Korea during two epidemics through high-throughput sequencing technologies and 
consecutive analysis along with inspection for genetic differences among M. pneumoniae 




MATERIALS AND METHODS 
M. pneumoniae strains 
This study comprised M. pneumoniae strains detected from children with pneumonia at 
two hospitals during two consecutive outbreaks of M. pneumoniae pneumonia in South Korea: 
2010–2012 and 2014–2016. Epidemic periods were previously defined by an interval 
spanning an increase of >5 cases/2 months over a 4-month period to a decrease of <5 cases/2 
months over a 4-month period in the primary site of this study (5, 36). M. pneumoniae 
pneumonia was diagnosed using the following criteria: 1) the presence of rales on 
auscultation or infiltration of the lung demonstrated on chest radiograph and 2) isolation of M. 
pneumoniae on culture. Specimens were obtained from Seoul National University Children’s 
Hospital (Seoul) and Seoul National University Bundang Hospital (Seongnam). 
 
Cultivation 
Cultivation of M. pneumoniae was performed at the Seoul National University Children’s 
Hospital. Reference strain M129 (ATCC 29342) was cultured in parallel with the clinical 
samples using pleuropneumonia-like organism (PPLO) broth and agar. Two hundred 
microliters of the nasopharyngeal specimen were serially diluted 64-fold. The broth medium 
was composed of 70 mL of PPLO broth, 20 mL of horse serum, 10 mL of 25% yeast extract, 
2.5 mL of 20% glucose, 200 μL of 1% phenol red, 1 mL of 2.5% thallium acetate, 0.5 mL of 
200,000 units/mL penicillin G potassium, and 0.5 mL of 20,000 μg/mL cefotaxime. The agar 
was prepared with the same components as the broth medium except that cefotaxime was 
omitted and 1.2% agar powder was added instead of broth powder. The broth and the agar 
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media were incubated aerobically at 37 °C for 6 weeks. 
 
DNA preparation 
The plates were observed daily to identify color changes in the broth medium from red to 
transparent orange. Upon color change, 10 μL were sub-cultured onto agar plates. Spherical 
M. pneumoniae colonies were observed under a microscope at 100X magnification. DNA was 
extracted directly from the cultivated M. pneumoniae using an extraction kit (DNeasy Kit; 
QIAGEN, Hilden, Germany), according to the manufacturer’s instructions. P1 gene was 
amplified by PCR for the confirmation of M. pneumoniae. 
 
Determination of macrolide resistance 
   PCR to amplify domain V of the 23S rRNA gene was performed on DNA extracted from 
cultured MP isolates. The primers used were MP23SV-F (5′-TAA CTA TAA CGG TCC TAA 
GG) and MP23SV-R (5′-ACA CTT AGA TGC TTT CAG CG). DNA from the reference 
strain M129 (ATCC 29342), was used as a positive control, and distilled water was used as a 
negative control. The 851- bp PCR products were purified using an AccuPrep® PCR 
Purification Kit (Bioneer, Inc., Daejeon, Korea), and samples were sequenced to identify the 
transitions in domain V of the 23S rRNA gene that have been associated with macrolide 
resistance (5, 14). 
 
MLST analysis and P1 typing 
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   MLST was performed on the M. pneumoniae DNA samples as previously described. Each 
allele was assigned to the 8 housekeeping genes (ppa, pgm, gyrB, gmk, glyA, atpA, arc, and 
adk), and a corresponding sequence type (ST) was given for each sample (31). P1 typing was 
performed by sequencing 2 of the repetitive elements located in the p1 gene of M. 
pneumoniae genome: RepMP2/3 and RepMP4. P1 subtypes and each subtype variant were 
assigned by comparison with previously published data (38). 
 
Selection of strains for whole genome analysis 
   A total number of 30 strains were selected for whole-genome sequencing (WGS) 
investigation. Thirty-seven strains from 2010-12 epidemic year and 45 strains from 2014-16 
were candidates for WGS. Strains were selected for the best comparison between macrolide-
resistant and –susceptible strains within the same ST 
 
Next-generation sequencing (NGS) 
NGS of all M. pneumoniae strains was performed using the Illumina MiSeq desktop 
sequencer (Illumina, San Diego, CA, USA). Illumina NGS work flows include four basic 
steps: library preparation, cluster amplification, sequencing and alignment. NGS library is 
prepared by fragmenting a genomic DNA sample and ligating specialized adapters to both 
fragment ends. Library is loaded into a flow cell and the fragments are hybridized to the flow 
cell surface. Each bound fragment is clonally amplified through bridge amplification. 
Sequencing repeats, including fluorescently labeled nucleotides, are added and the first base 
is incorporated. The flow cell is imaged and the emission from each cluster is recorded. The 
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emission wavelength and intensity are used to identify the base. This cycle is repeated ‘n’ 
times to create a read length of ‘n’ bases. In this study, paired-end 250-bp reads were used 
with average depth (coverage) of 442.93 (range from 172.95 to 795.39). Instead of directly 
aligning the reads to a reference sequence, de novo assembly was proceeded. 
 
Genome assembly and annotation 
   NGS reads were assembled de novo using SPAdes (39). The number of contigs generated 
ranged from 3 to 8 per strain. These contigs were mapped to the M129 reference genome 
using BLAST-like alignment tool (BLAT) and visualized using Integrative Genomics Viewer 
(IGV) (40-42). This mapping was used to develop PCR primers to join the contigs. High 
fidelity PCR reactions and Sanger sequencing were performed using standard methods. 
Overlapping and joining of the contigs were performed manually with Sequencher® version 
5.4.6 (Gene Codes Corporation, Ann Arbor, MI, USA). The initial NGS reads were aligned to 
the de novo assembled genome for the correction of errors. The corrected and completed 
circular genomes were annotated using Rapid Annotation using Subsystem Technology 
(RAST) and Pathosystems Resource Integration Center (PATRIC) (43, 44). 
 
Comparative genomics 
   Completed genomes were aligned using BLAST Ring Image Generator (BRIG) for the 
overall sequence similarity between the strains (45). MAUVE was used to detect large 
chromosomal rearrangements, deletions, and duplications (46). For phylogenetic tree 
generation and visualization MAFFT and CLC Phylogeny Module was used (Qiagen, Venlo, 
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Netherlands). For the extended phylogenetic analysis along with global strains, 48 strains 
downloaded from National Center for Biotechnology Information (NCBI) were included. 
 
Single nucleotide polymorphism (SNP) and insertion/deletion (indel) analysis 
   To call SNPs and indels, completed genomes were first broken into 10-kb “reads” at 1-kb 
intervals and then aligned to the M129 reference strain (NCBI accession number NC_000912) 
using BWA v0.7.7 (47). Variant calling was performed using Samtools (48). The effects of the 
SNPs and indels in the resulting VCF files were evaluated and annotated using SnpEff v3.3 
(49). 
 
Coding sequence (CDS) analysis 
CDS comparison searching for genomic differences between the macrolide resistant and 
susceptible genomes was proceeded by RAST and the SEED (43). Reference strain was set to 
a macrolide resistant strain, while other strains were selected which did not show macrolide 
resistance. A specific CDS was significant if the similarity rate was commonly below 99% 
among macrolide susceptible strains. 
 
Proteins and functional analysis 
   For the analysis of protein and functional annotation, PATRIC was used and heatmap was 
generated based on annotations (44). Gene translation, multiple sequence alignment and 
visualization of proteins were performed using Clustal Omega (50). Annotation of any 
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hypothetical genes was done using BLAST search against database of Kyoto Encyclopedia of 
Genes and Genomes (KEGG) (51, 52). 
 
Reference genomes 
   Six reference genomes were included in each analysis as appropriate (Table 1). M. 
pneumoniae M129, FH, 309, KCH-402 and K405 are representatives of each P1 type and 
subtypes. M. pneumoniae S355 is included, as this strain is one of the earliest strains that 























NC_016807.1 M. pneumoniae 309 817,176 2a 2011 Japan  
AP_017318.1 M. pneumoniae KCH-402 817,074 2b 2017 Japan  
AP_017319.1 M. pneumoniae KCH-405 817,099 2c 2017 Japan  









   The strains were isolated from the nasopharyngeal samples obtained from the children 
with lower respiratory tract infection. Thirty-seven and 45 M. pneumoniae strains were 
collected in 2010-12 and 2014-16, with macrolide resistance rate of 54.1% and 84.4%, 
respectively. Thirty M. pneumoniae strains were chosen for the current study (Table 2 and 
Table 3). Eighteen strains and twelve strains were selected from 2010-12 and 2014-16 
epidemic year, respectively. Twenty-four (80.0%) P1 type 1 strains, five (16.7%) P1 type 2c 
strains and a P1 type 2a strain (3.3%) were included. Five ST types were included: ST1 (n=2, 
6.7%), ST3 (n=20, 66.7%), ST14 (n=5, 16.7%), ST17 (n=2, 6.7%), and ST33 (n=1, 3.3%). Of 
the 30 strains sixteen strains were macrolide resistant, all of which owing to the A2063G 
mutation of the 23S rRNA. Among macrolide resistant strains, except for one ST14 strain, all 
the rest were ST3. This specific ST14 M. pneumoniae strain was included as it was the sole 
















10-980 2010 1 1 N 
10-1048 2010 1 3 Y A2063G 
10-1059 2010 1 17 N 
10-1110 2010 1 1 N 
10-1213 2010 1 3 Y A2063G 
10-1257 2010 1 3 N 
10-1385 2010 2c 14 N 
11-107 2011 1 3 N 
11-129 2011 1 17 N 
11-174 2011 2c 14 N 
11-212 2011 1 3 Y A2063G 
11-473 2011 1 3 N 
11-634 2011 1 3 Y A2063G 
11-949 2011 2c 14 Y A2063G 
11-994 2011 1 3 N 
11-1384 2011 2a 33 N 
12-060 2012 1 3 Y A2063G 
12-091 2012 1 3 Y A2063G 
14-637 2014 2c 14 N 
15-215 2015 1 3 Y A2063G 
15-885 2015 1 3 N 
15-969 2015 1 3 Y A2063G 
15-982 2015 1 3 Y A2063G 
16-002 2016 1 3 Y A2063G 
16-004 2016 1 3 Y A2063G 
16-032 2016 1 3 Y A2063G 
16-118 2016 1 3 Y A2063G 
16-462 2016 1 3 Y A2063G 
16-710 2016 1 3 Y A2063G 
16-734 2016 2c 14 N 




Table 3. P1 type, MLST type, and macrolide resistance distribution of 30 strains for whole 
genome analysis 
  Epidemic year 
No. of strains (%) 
 
  2010-2012 2014-2016 Total 
P1 type 1 14 (58.3) 10 (41.7) 24 
2a 1 (100) 1 
2c 3 (60.0) 2 (40.0) 5 
MLST 
type 
ST1 2 (100) 2 
ST3 10 (50.0) 10 (50.0) 20 
ST14 3 (60.0) 2 (40.0) 5 
ST17 2 (100) 2 
ST33 1 (100) 1 
Macrolide 
susceptibility 
susceptible 7 (43.8) 9 (56.3) 16 






The characteristics of assemblies and the background information are found in Table 4. 
The resulting contigs were mapped to the M129 reference genome and joined via PCR. 
Thirty genomes had all contigs joined to form a single, continuous (circular) contig. 
Following assembly and editing, the genomes underwent automated gene annotation. 
Summary statistics for the completed genomes are found in Table 5. These genomes, having 





Table 4. Genome lengths and contigs determined from the initial assembly 
Strain Contigs L50 N50 Min Length Max Length Total Length 
10-980 6 2 152732 14538 390907 816424 
10-1048 6 2 152735 14538 392185 816465 
10-1059 7 2 98837 14538 392164 816681 
10-1110 8 2 152733 20993 388970 816522 
10-1213 5 1 451397 14538 451397 816521 
10-1257 3 1 702439 14562 702439 816333 
10-1385 9 3 95255 14577 297117 817191 
11-107 5 2 249794 14538 389683 816346 
11-129 6 2 152693 14538 392172 816432 
11-174 6 2 258682 13367 282196 815686 
11-212 7 2 152734 14538 389655 816503 
11-473 6 2 152734 14538 389647 816518 
11-634 7 2 152735 14775 391525 816551 
11-949 6 2 258658 13367 283608 817102 
11-994 5 2 249776 14538 389685 816304 
11-1384 6 2 258694 13367 283575 818669 
12-060 6 2 152734 14538 392205 816506 
12-091 6 2 152734 14538 391968 816510 
14-637 6 2 156124 60136 298090 818560 
15-215 6 2 152734 14561 392183 816388 
15-885 6 2 152734 14561 389671 816420 
15-969 6 2 152735 14538 392144 816389 
15-982 5 2 156554 14538 390947 816495 
16-002 6 2 152736 14538 389658 816530 
16-004 6 2 152736 14538 392133 816561 
16-032 6 2 152734 14538 392119 816471 
16-118 5 1 443549 14538 443549 816467 
16-462 5 2 152735 57889 392162 816525 
16-710 7 2 152734 14538 392162 816537 












Genes (RAST) Genes (PATRIC) 
CDS RNA Total CDS rRNA tRNA Total repeat_region
10-980 816424 40.0 776 40 816 777 37 3 817 100 
10-1048 816465 40.0 777 40 817 778 37 3 818 99 
10-1059 816681 40.0 776 40 816 777 37 3 817 101 
10-1110 816522 40.0 775 40 815 776 37 3 816 98 
10-1213 816521 40.0 772 40 812 773 37 3 813 99 
10-1257 816333 40.0 776 40 816 777 37 3 817 99 
10-1385 817191 40.0 780 39 819 780 36 3 819 99 
11-107 816346 40.0 773 40 813 774 37 3 814 94 
11-129 816432 40.0 775 40 815 776 37 3 816 95 
11-174 815686 40.0 776 39 815 776 36 3 815 97 
11-212 816503 40.0 778 40 818 779 37 3 819 97 
11-473 816518 40.0 778 40 818 779 37 3 819 99 
11-634 816551 40.0 777 40 817 775 37 3 815 97 
11-949 817102 40.0 784 39 823 784 36 3 823 95 
11-994 816304 40.0 776 40 816 777 37 3 817 99 
11-1384 818669 40.0 787 39 826 787 36 3 826 98 
12-060 816506 40.0 775 40 815 776 37 3 816 97 
12-091 816510 40.0 777 40 817 778 37 3 818 96 
14-637 818560 40.0 789 39 828 789 36 3 828 99 
15-215 816388 40.0 775 40 815 776 37 3 816 99 
15-885 816420 40.0 776 40 816 777 37 3 817 93 
15-969 816389 40.0 780 40 820 781 37 3 821 97 
15-982 816495 40.0 769 40 809 770 37 3 810 98 
16-002 816530 40.0 773 40 813 774 37 3 814 98 
16-004 816561 40.0 777 40 817 778 37 3 818 97 
16-032 816471 40.0 772 40 812 773 37 3 813 94 
16-118 816467 40.0 775 40 815 776 37 3 816 97 
16-462 816525 40.0 776 40 816 777 37 3 817 97 
16-710 816537 40.0 773 40 813 774 37 3 814 97 
16-734 818445 40.0 784 39 823 784 36 3 823 99 
1) RAST, Rapid Annotation using Subsystem Technology 





The 30 sequenced genomes were aligned to the reference M129 genome using BRIG. 
Overall, the genomes were 99 % to > 99 % identical. The similarity dropped to about 95 % in 





Fig. 1. Overall sequence identity of the 30 genomes compared with the reference M129 
genome. Solid colors indicate > 99 % identity and transparent grey indicates approximately 
95 % identity. Location in the reference genome is indicated by numeration on the inside of 
the ring. GC content in the reference genome is indicated by the black bar graphs between the 
genomic coordinates and the colored rings (bars pointing toward the outside of the circle 




Genomic comparison of the ST3 strains in regard to the presence of macrolide resistance 
1. MAUVE analysis 
   MAUVE was applied on 20 ST3 M. pneumoniae strains and grouped by macrolide 
resistance in order to detect any structural differences according to the presence of macrolide 
resistance (Fig. 6). For this analysis, 19 strains were compared with M129 reference strain 
because the ‘out of branch’ macolide susceptible strain (15-885) interrupted the alignment. 








   2. CDS analysis 
CDS based camparison was made to find any genomic differences between macrolide 
resistant and susceptible genomes within ST3 strains. This was performed in sequential but 
distintive analysis using the RAST and the SEED. 
Excluding the ‘out of branch’ macrolide susceptible strain (15-885), 15 macrolide 
resistant and four macrolide susceptible strains were analyzed. Each macrolide resistant strain 
was set to a reference strain and four macrolide susceptible strains were compared based on 
similarity. A CDS was listed as significant if the CDS of all four macrolide susceptible strains 
showed < 99% similarty against the corresponding CDS of the reference. After 15 sequential 
comparisons by changing the reference macrolide resistant strain, two genes were commonly 
found to be distinct between macrolide resistant and susceptible genomes within ST3 strains 
(Table 7). Each CDS was looked up against the reference strain M129. Two gene locus tags, 
MPN089 and MPN285 were recognized. These two genes are annotated with the function of 
‘Type I restriction-modification system, specificity subunit S (HsdS)’. 
Multiple alignment of MPN089 and MPN285 were proceeded with PATRIC to figure out 
actual changes in the genome. PATRIC alignment revealed differences in tandem repeat of 
certain amino acids. While macrolide resistant strains show one to three tandem repeats 
(amino acid ‘ELSA’) in MPN089, macrolide susceptible strains have four to five tandem 
repeats (Fig. 7). In contrast, macrolide susceptible strains showed loss of tandem repeats in 




Table 7. Coding sequences found to be distinct between macrolide resistant and susceptible 
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Fig. 7. Multiple sequence alignment (partial) of MPN089 by PATRIC, lower similarity according to macrolide susceptibility identified from 
RAST. Note the different numbers of tandem repeat according to macrolide susceptibility (excludes the ‘out of branch’ macrolide susceptible 





Fig. 8. Multiple sequence alignment (partial) of MPN285 by PATRIC, lower similarity according to macrolide susceptibility identified from 
RAST. Note the loss of tandem repeats among macrolide susceptible strains (excludes the ‘out of branch’ macrolide susceptible strain 15-885). 
MS and MR designates macrolide susceptible and resistant, respectively. *Macrolide susceptible strain. 
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3. Proteins and functional analysis 
Heatmap was produced based on 20 ST3 M. pneumoniae, again to find out whether 
specific gene expression is associated with macrolide resistance. The genomes were grouped 
by macrolide resistance. Unlike the heatmap differences between P1 types 1 and 2, no 
apparent difference was shown. Still, a specific gene was found to show different protein 
productions in the genomes between macrolide resistant and susceptible types (excluding the 
15-885, ‘out of branch’ macrolide susceptible genome). Two short proteins (192 AA and 227 
AA) were produced from macrolide resistant strains compared to one (479 AA) from 
macrolide susceptible strain (Fig. 9). This 479 AA was investigated by BLAST within the 
NCBI and KEGG library. NCBI database ended-up as hypotethical protein shared by other M. 
pneumoniae while KEGG library recognized the protein as an adhesion P1 homolog. 
When looked into nucleotides, this difference was due to a nucleotide deletion in the 
macrolide resistant strains. A ‘T’ deletion of the 578 bp position on MPN085 gene composed 




Fig. 9. Multiple sequence alignments of proteins different between macrolide resistant and susceptible strains by Clustal Omega. Genomes 
from macrolide susceptible strains produced one relatively long protein (479 AA) while macrolide susceptible strains produced two partial 





Fig. 10. Multiple sequence alignments of nucleotide difference between macrolide resistant and susceptible strains by PATRIC (MPN085). A 
T deletion in the macrolide resistant strains compose stop codon. Macrolide resistant strains translates second partial protein from the new 
‘ATG’ start codon. *Excludes the ‘out of branch’ macrolide susceptible strain 15-885. 
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Genomic comparison of the ST14 strains in regard to the presence of macrolide resistance 
ST14 strains in regard to the presence of macrolide resistance, the same appraoches were 
performed as we did for ST3 strains. As only one ST14 expressed macrolide resistance, this 
strain was set to the reference strain and four macrolide susceptible strains were compared. 
One single CDS was missing in macrolide susceptible strains and three CDS showed less 
similarity. Two gene locus tags, MPN205 and MPN289 were recognized with annotated 
function of ‘hypothetical protein’ and HsdS, respectively (Table 8). The rest two CDSs (141 




Table 8. Coding sequences found to be distinct between macrolide resistant and susceptible 
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This study investigated the comparative genomics of M. pneumoniae strains prevailed in 
South Korea during two epidemics through WGS. This study reveals structural diversity and 
phylogenetic association between and within the global strains, even though the similarity 
across the strains were very high. Despite the high similarity of M. pneumoniae, the study 
supposes linkage between certain genes related with HsdS and presence of macrolide 
resistance. 
M. pneumoniae is known as a ‘difficult to culture’ organism (2). Thus unlike ordinary 
bacterial pathogens, the aid of molecular biology in the diagnosis of M. pneumoniae is critical 
(53). With the burden of disease caused by this organism and diverse extrapulmonary clinical 
manifestations, it seems natural that M. pneumoniae has drawn attention of the researchers. 
Nevertheless, besides the molecular diagnosis of M. pneumoniae by the P1 adhesin, P1 typing 
has been the sole method for the classification for decades (30). On the other hand, as the size 
of M. pneumoniae genome was comparably short compared to other bacteria and as the P1 
adhesin was the only apparently diverse part of the whole gene, it might have been reasonable 
for researchers to keep focus on the P1 adhesin. Despite the efforts, P1 was not enough for 
the explanation of epidemics nor for the explanation of clinical severity (6, 54). 
   Recent advances in molecular microbiology had widended the scope by implementation 
of sophisticated techinques such as MLVA and MLST (25, 31). New classifications developed 
by the new technologies expanded the P1 classification with elevated discrimination power. 
Nevertheless, epidemics still cannot be clearly explained by the newly invented methods and 
there are reports that chest x-rays are the most predictive clue in the course of infection 
regardless of the molecular genetics (8). Even so, attempts to explain macrolide resistance by 
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MLVA or MLST has shown some successful insights and possibility of further investigations 
(32, 33, 55). 
   As macrolide has been the mainstay of treatment among children and adolescents with M. 
pneumoniae for a considerable time. The increasing macrolide resistance, especially in Asia, 
is of great concern (5). Despite advances in studies based on molecular microbiologies in the 
increasing macrolide resistance, it is still not clear what specific factors do play on the 
mechanism of acquiring the resistance. Therefore, insights provided by recent studies and the 
limitations of the same studies draw attention to the researchers. 
   Not abundant, but high-throughput technologies have been applied to the investigation of 
M. pneumoniae. A study conducted by Xiao et al. analyzed 15 M. pneumoniae genomes 
obtained by Illumina sequencing, including 11 clinical isolates and 4 reference strains (56). 
Although about 1500 SNP and indel variants exist between type 1 and type 2 strains, overall 
high degree of sequence similarity was found among the strains (> 99 % identical to each 
other). The study concluded that M. pneumoniae genome is extraordinarily stable over time 
and geographic distance across the globe with a striking lack of evidence of horizontal gene 
transfer. 
   The study of comparative genomics published by Spuesens et al. focused on the potential 
genetic differences between M. pneumoniae strains that are carried asymptomatically and 
those that cause symptomatic infections (57). Against expectations, irrespective of the group 
(asymptomatic vs. symptomatic) from which the strains originated, subtype 1 and subtype 2 
strains formed separate clusters. Specific genotype associated with M. pneumoniae virulence 
was not identified. On the other hand. Lluch-Senar et al. proposed the possibility that type 2 
strains could be more toxigenic than type 1 strains of M. pneumoniae by revealing that type 2 
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strains show higher expression levels of Community-Acquired Respiratory Distress 
Syndrome (CARDS) toxin, a protein recently shown to be one of the major factors of 
inflammation (58). Classification of diverse M. pneumoniae isolates based on SNPs and 
indels revealed new subclasses within the broader P1 types 1 and 2 classifications, including 
four subtypes within type 1 (1a–1d) and five within type 2 (2a–e). The authors concluded that 
some of these subtypes were associated with country of isolation, but a more comprehensive 
study including a higher number of isolates representing additional geographic origins is 
necessary to confirm this observation. 
   One of the most recent NGS study done by Diaz et al. performed WGS analysis of 107 M. 
pneumoniae isolates, including 67 newly sequenced using the Pacific BioSciences RS II 
and/or Illumina MiSeq sequencing platforms (59). Population structure analysis supported the 
existence of six distinct subgroups, three within each type. 
   The studies stated above originate from USA and Europe. Even though isolates from Asia, 
where macrolide resistance rate is high, are included the numbers are limited. Macrolide 
resistance was not of interest in these studies. 
   Thanks to the backgroud data as regards to the MLST information revealed by prior study, 
the selection of M. pneumoniae strains were conducted for the best comparison of genomics, 
including macrolide resistance (32). Background compartive genomics were proceeded by 
using BRIG, MAUVE, MAFFT and CLC Phylogeny Module. Not suprisingly, the genomes 
were classified mainly by the legendary P1. BRIG clearly distinguished P1 types 1 and 2, but 
no further information could be found as separate genes cannot be visualized (45). MAUVE 
utilizes LCB which are the conserved segments that appear to be internally free from genome 
rearrangements (46). The result from MAUVE showed that large rearrgangements (e.g. 
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plasmids, phage or resistance genes) are not observed among M. pneumoniae. Specific 
insertions were noted in both P1 types. Nevertheless, the translated proteins of the inserted 
genes were generally hypothetical proteins with an exception of a tRNA. This is consistent 
with previous report by Xiao et al., but the two insertions at 169-170 Kb and 178-179 Kb has 
not been described before (56). The analysis of MAUVE within ST3 did not show notable re-
arrangement nor structural variation. 
SNP approach is widely used in the study of antimicrobial resistance and genetic diversity, 
not limited to M. pneumoniae (60-62). This study is consistent with previous studies 
investigated SNPs within M. pneumoniae. Variant calling against M129 of P1 subtypes 
showing much less variants compared to P1 type 2 in both non-synonymous SNPs and total 
variants is a natural result. The macrolide susceptible strains generally did have less variants 
in non-synonymous and total SNPs compared to macrolide resistant strains. Nevertheless, the 
differences are subtle and the significance is of question. Advancing the approach of 
searching for the genes which SNPs commonly fall into is warranted. 
Generation of phylogenetic tree by MAFFT and CLC Phylogeny Module revealed a few 
intersting findings. First, based on phylogenetic tree by 30 strains in the study, clear 
discrimination was noticed according to P1 types. Each ST types were grouped by the same 
branch, which re-confirms the discrimination power of MLST. Further distintion was added 
by the power of WGS, discriminating the ST3 types according to macrolide resistance. An 
un-explainable finding is that the macrolide susceptible 15-885 strain being placed among the 
macrolide resistant strains. After multiple reviews of the specific strain, the possibility due to 
erroneous sequencing was eliminated. It is possible that further investigation of this specific 
strain may explain the transition of macolide susceptibility, from susceptible to resistant. The 
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P1 classification was still valid when phylogenetic tree was generated among 30 seqeunced 
genome plus 48 NCBI genomes including 6 reference genomes. But unexpectedly, in general, 
phylogenetic tree was divided into three clades, with an additional leaf harboring the S355 
reference genome, which originated from China in 2012 showing macrolide resistance. As the 
strains from current study were dispersed through the phylogenetic tree, it is not convincing 
that clonal expansion of certain strain has occurred. Nevertheless, as ST3 strains from this 
study are divided into and enriching two clades, it may be possible that the clonal exansion 
has happened in both clades. 
PATRIC is the Bacterial Bioinformatics Resource Center, an information system designed 
to support the biomedical research community’s work on bacterial infectious diseases via 
integration of vital pathogen information with rich data and analysis tools. PATRIC is known 
to use the same RAST annotation service, but annotations were slightly different between two 
annotation services. Except for a single strain (11-634), P1 type 1 strains revealed 1 more 
CDS by PATRIC compared to by RAST (Table 5). This is probably due to an additional gene 
annotation added in the PATRIC. 
The heatmap generated by PATRIC re-assured the P1 classification by differences in 
showing protein productions. This is consistent with additional studies applying NGS 
technology. The heatmap generated within the ST3 strains in order to find proteins associated 
with macrolide resistance did not make clear cut as shown in the P1 classification. A gene 
with different protein production in numbers was found, even though the function of this 
protein is not clear. The 479 AA protein found only in the macrolide susceptible strains were 
originally annotated as MPN085 in M. pneumoniae M129 (position from 107273 to 108595) 
and is also shared by M. pneumoniae FH (P1 type 2) and 309 (P1 type 2a). Instead, in the 
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macrolide resistance strains this specific gene region produced two 192 AA and 227 AA 
proteins which were parts of MPN085. At this point, the true significance of this genetic 
diversity cannot be answered. This diversity may have occurred by an collateral event during 
the acquisition of macrolide resistance. As the KEGG library annotated this gene as a P1 
homolog, even with lacking evidence, this leaves the possibility that P1 still might have some 
keys to or at least in assocations with macrolide resistance. 
The analysis based on similarity and existence were done in several comparisons. In order 
to eliminate any interrupting factors associated with P1 types, strains with the same STs with 
different phenotypes were compared together. Initially, within the ST3, searches of CDSs 
from macrolide susceptible strains against macrolide resistant strains were performed. Two 
CDS noted to be well discriminated between macrolide resistance and susceptible strains. 
Both of which were assoicated with ‘Type I restriction-modification system, specificity 
subunit S (HsdS)’. Interstingly, the differences within each gene according to macrolide 
resistance were both tandem repeats of certain proteins. Xiao et al. were also interested in 
genes which encodes S subunit of type I restriction enzyme and found that variable tandem 
repeat copy numbers exist in the analysis of 15 M. pneumoniae genomes (56). To be specific, 
this current study reveals that tandem repeat differences in certain genes annotated as S 
subunit of type I restriction enzyme is closely related with macrolide resistance. When looked 
into the study of Xiao et al. which included one macrolide resistant strain, the findings of the 
current study is consistent. 
A similar analysis proceeded within the ST14 strains. A gene coding 47 AA was missing 
and 3 genes were commonly below < 99% similarity in the macrolide susceptible strains. 
When looking up to the M129 reference strasin, two of four CDS were able to be recognized. 
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MPN205 was a hypothetical protein, while MPN289 was annotated as HsdS. 
The restriction modification system is found in bacteria and other prokaryotic organisms, 
and provides a defense against foreign DNA, such as that borne by bacteriophages (63). Type 
I restriction enzymes possess three subunits called HsdR, HsdM, and HsdS; HsdR is required 
for restriction digestion; HsdM is necessary for adding methyl groups to host DNA 
(methyltransferase activity), and HsdS is important for specificity of the recognition (DNA-
binding) site in addition to both restriction digestion (DNA cleavage) and modification (DNA 
methyltransferase) (64). The difference found in this study according to macrolide resistance 
is restricted to tandem repeat numbers in the HsdS, arousing questions whether this could 
truly be associated with marcolide resistance. Nevertheless, an interesting study as regards to 
the tandem repeat change of HsdS by Price et al. showed that the repeat of certain base-pair 
sequence actually does change the specificity in both restriction and modification (65). By 
modificating the number of tandem repeats of a HsdS of E. Coli, the researchers sufficiently 
explained the differences in sequence recognition. It is possible that such modifications could 
be tried in M. pneumoniae and observation of the acquistion of macrolide resistance can be 
monitored. 
It is also possible that level of gene expression of HsdS would have been influenced by 
the difference in tandem repeats. Apart from experimentally modificating the numbers of 
tandem repeat itself, mRNA quantification through northern blotting, RT-qPCR and 
expression profiling (quantitative PCR) could be used in the measurement of gene expression 
(66). Moreover, even though less accurate, protein quantification (western blotting) could be 
considered. Considering the mechanism of the macrolide resistance in M. pneumoniae, the 
attention drawn by the differences in restriction-modification system should be taken in to 
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account and warrants further investigation. 
This study is limited by the limited numbers of strains, even though the strains were 
included as many as possible. Additonally, functional investigation of the candidate genes 
which are proposed to be linked with acquiring macrolide resistance was not proceeded. 
Measuring the level of gene expression of those genes maybe an initial approach of further 
investigation. A few numbers of hypothetical proteins were also found which warrants 
functional or metagenomic study. 
The comparative genomics of 30 M. pneumoniae strains by WGS reveals structural 
diversity and phylogenetic association between and within the global strains, even though the 
similarity across the strains were very high. Despite the high similarity of M. pneumoniae, the 
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서론: 마이코플라즈마 폐렴균(M. pneumoniae) 은 소아와 성인의 호흡기 감염의 
주요한 원인균 중 하나로 가벼운 상기도 감염에서부터 생명을 위협하는 정도까지 
다양한 양상으로 나타난다. 소아에서는 macrolide 항균제가 일차약제이며 
fluroquinolone 혹은 tetracycline 계열 항균제는 안전성에 대한 우려로 추천되지 
않는다. M. pneumoniae 의 macrolide 에 대한 내성은 세계적으로 보고되고 있고 
특히 대한민국, 중국, 일본 등을 포함한 아시아 국가에서 내성률이 높은 것으로 
알려져 있다. 이 연구는 전장 유전체 시퀀싱을 통해 국내에서 유행한 M. 
penumoniae 에 대한 유전자를 비교 연구하고 이미 알려진 23s rRNA 변이 외에 
macrolide 내성에 따른 M. penumoniae 의 유전적 배경의 차이를 분석하였다. 
방법: 30 개의 M. pneumoniae 가 두 번의 유행 (2010-12 와 2014-16) 으로부터 
선택되었다. ST3 20 개 (66.%), ST14 5 개 (16.7%), ST1, ST17 각 2 개 (6.7%), 그
리고 ST33 1 개 (3.3%) 로 구성되었으며 16 개의 마크로라이드 내성 균주 중에서
는 ST3 와 ST14 가 각각 15 개와 1 개를 차지하였다. 배양한 M. pneumoniae 균
의 DNA 추출을 진행하였고, macrolide 내성 확인, multilocus sequence typing 과 
P1 typing 의 과정을 거치면서 기본적인 정보들을 확보하였다. 이후 Illumina 
Miseq sequencer 를 통해 각 균들의 전장 유전체 시퀀싱을 진행하였다. 각각의 
read 들은 SPAdes 를 통해 조합하였다. BLAST-like alignment tool (BLAT) 을 통
해 M129 레퍼런스 M. pneumoniae 에 배치하였고 Integrative Genomics Viewer 
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(IGV) 를 통해 영상화하였다. 수정되고 완성된 원형의 유전체는 annotation 을 진
행하였다. 이후 BLAST Ring Image Generator (BRIG), MAUVE, MAFFT, CLC 
Phylogeny Module, SnpEff, 그리고 Pathosystems Resource Integration Center 
(PATRIC) 을 통해 상호 간의 유전자를 비교 하였다. Macrolide 내성과 관련한 연
구를 위해 위의 방법에 Rapid Annotation using Subsystem Technology (RAST) 와 
SEED 를 추가 적용하였다. 
결과: 30 개의 유전체는 40 % 정도의 GC 컨텐츠를 가지고 있었고 길이는 815,686 
에서 818,669 bp, 구성하는 coding sequence (CDS) 의 범위는 809 개에서 828 개 
사이였다. 전체적인 BRIG 의 분석상 99% 이상의 일치함을 보였으나 P1 type 2 
계통의 M. pneumoniae 의 경우 P1 gene 부분에서 95% 정도로 유사도가 낮은 편
이었다. MAUVE 의 경우 4 개의 유전자 삽입을 관찰할 수 있었고 P1 type 1 의 
tRNA 추가를 제외한 나머지 단백질은 그 역할이 밝혀지지 않았다. SnpEff 를 통
한 SNP 와 indel 의 분석에서는 P1 type 의 구별은 분명하였으나 macrolide 내성
과 관련하여서는 의미있는 차이가 없었다. PATRIC 을 통한 단백질과 기능적 분
석의 경우 역시 P1 type 의 구별은 분명하였다. 국외의 48 개의 유전체를 포함한 
총 78 개의 유전체에 대한 계통수에서는 3 개의 무리를 형성하였고 이것은 국내
의 유전체들로만 진행한 계통수가 두 개의 무리로 구별되었던 것과 차이가 있었
다. Macrolide 내성과 관련한 분석에서는 ST3 와 관련하여 계통수를 보았을 때, 
하나의 macrolide 감수성 M. pneumoniae 를 제외하고는 다른 감수성 M. 
pneumoniae 는 전부 하나의 가지로 분리되는 것을 관찰하였다. ST3 로 국한하여 
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본 CDS 분석의 경우 ‘Type I restriction-modification system, specificity subunit 
S (HsdS)’와 관련한 두 개의 CDS (MPN089, MPN285) 에서 M. pneumoniae ST3 
내성 균주와 감수성 균주 사이의 차이가 발견되었다. ST14 M. pneumoniae 분석
의 경우도 macrolide 내성의 차이가 있는 균들 간 두 개의 CDS 가 차이가 있었고 
그 중 하나 역시 HsdS 와 관련된 유전자였다 (MPN289). 
결론: 이 연구를 통해 30 개 M. pneumoniae 에 대한 전장 유전체 분석을 완성하
였고 유전체 간의 매우 높은 유사성에도 불구하고 구조적 차이와 유전학적 관련
성을 비교할 수 있었다. 유전자의 수정 관련된 HsdS 유전자 부위의 변이가 
macrolide 내성 여부에 따른 유전적 배경의 차이임을 알 수 있었고 향후 HsdS 유
전자 부위의 변이에 대한 기능적 분석 연구가 필요할 것으로 생각된다. 
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